INTRODUCTION
============

In recent years, a consensus has emerged that research on non-pharmaceutical intervention strategies to prevent functional decline in dementia should focus on preclinical disease stages.^([@b1-cgj-23-190])^ A diagnosis of probable Alzheimer's disease (AD), the most common form of dementia,^([@b2-cgj-23-190]--[@b4-cgj-23-190])^ can be made only after clinical symptoms appear and significant damage to the brain has already occurred.^([@b3-cgj-23-190])^ With current clinical diagnostic techniques, it is especially difficult to detect when individuals may be in preclinical stages because behavioural symptoms are mostly absent. In this context, low-cost, non-invasive, and objective pre-clinically implemented intervention strategies would be ideal to offset this increasing health-care burden. Further, there is presently a shift away from single-domain interventions, like cognitive training (CT), to integrated, multi-domain approaches which may lead to generalizable improvements to brain health. Three recent insights drive this shift: i) pathological changes associated with dementia start years/decades before the onset of clinical symptoms;^([@b3-cgj-23-190],[@b4-cgj-23-190])^ ii) the earliest changes appear to be an altered functionality of large brain-wide neural networks rather than atrophy in specific regions (i.e., medial-temporal area);^([@b5-cgj-23-190],[@b6-cgj-23-190])^ iii) using CT alone does not typically produce the desired generalizability in global cognitive status or functional ability in populations with early AD (eAD).^([@b7-cgj-23-190])^

One form of multi-domain intervention integrates exercises that require both cognition and movement. Goal-directed movements can generally be described as standard or nonstandard. While many movements made throughout our day involve simple, standard interactions in which the guiding visual information is also the goal of the movement (like reaching for a pencil), an increasingly technology-driven world has introduced many situations which require non-standard, indirect interactions. In non-standard interactions, guiding visual stimuli are not in the same spatial location as the goal of the movement, and require the learning and use of rules (implicit or explicit). These may be considered multi-domain in nature as they integrate cognition and action. Accurately performed movements involving cognitive-motor integration (CMI) require healthy white matter (WM) tracts that provide large-scale brain network communication between frontal, parietal, and subcortical brain regions.^([@b5-cgj-23-190],[@b8-cgj-23-190]--[@b10-cgj-23-190])^

While higher-order motor deficits (e.g., apraxia) exist in late-stage AD, individuals with MCI or eAD do not typically have difficulty with tasks that require a standard/direct interaction.^([@b11-cgj-23-190],[@b12-cgj-23-190])^ However, we have previously observed that adults with MCI, eAD, and asymptomatic adults at risk for dementia were impaired when asked to perform non-standard tasks requiring CMI.^([@b11-cgj-23-190]--[@b14-cgj-23-190])^ Further, we observed a relationship between the level of cognitive-motor impairment and large-scale brain network function as reflected by both WM track integrity^([@b5-cgj-23-190])^ and resting state abnormalities.^([@b15-cgj-23-190])^ Reportedly, WM disruptions are particularly characteristic of preclinical stages of AD.^([@b16-cgj-23-190]--[@b18-cgj-23-190])^ Damage to WM tracts within AD-vulnerable networks results in decreased overall brain processing capability which reduces general performance ability on complex tasks.^([@b19-cgj-23-190])^

Previous preliminary research from our group and others has demonstrated that cognitive-motor training can improve global cognitive scores in adults with eAD and MCI.^([@b20-cgj-23-190],[@b21-cgj-23-190])^ These findings suggest that, since motor and cognitive processes are performed in the brain simultaneously, it would be advantageous to train them simultaneously, as well. Here, these concepts will be incorporated into a decline-prevention strategy by examining the efficacy of how a tablet-based, 16-week movement control-focused behavioural intervention program may influence cognitive, motor, and visuomotor skill performance in those who are at risk of developing dementia. Given the relevance of visuomotor skill to daily life functioning (e.g., driving),^([@b22-cgj-23-190])^ we specifically focused on a working-aged population with known familial risk for dementia. We reasoned that, if a visuomotor intervention were introduced preclinically, it would enable vulnerable brain networks to be strengthened before decline could begin, and would offer insights about decline prevention in at-risk adults. We hypothesized that: 1) the at-risk groups will perform worse than both healthy control groups on the CMI and motor measures at initial assessment; 2) all training groups will improve over time on the non-standard intervention task; and 3) the at-risk training group will demonstrate greater improvement over time on the CMI and motor assessments compared to the at-risk control group.

METHODS
=======

Participants
------------

For this study, 23 adults aged 50--71 were recruited from the community and placed into an at-risk (n = 10; 6 female and 4 male) or healthy control group (n = 13; 12 female and 1 male), based on having reported a maternal history^([@b17-cgj-23-190],[@b23-cgj-23-190],[@b24-cgj-23-190])^ or multiple family members^([@b18-cgj-23-190],[@b25-cgj-23-190]--[@b28-cgj-23-190])^ with dementia (since these seem to be highly indicative of risk status in the absence of genetic testing for AD) or no family history of dementia, respectively ([Table 1](#t1-cgj-23-190){ref-type="table"}). Participants in both groups were randomly split into a training or no-training group. This study was approved by the Human Participants Review Sub-Committee of York University's Ethics Review Board.

Measures
--------

### Demographic Questionnaire

Participants were given a demographic questionnaire to obtain information about family history of dementia, age, sex, ethnicity, level of education, activity level, and video-game/tablet experience. Exclusion criteria included health-related factors that could interfere with the study design such as a diagnosis of a neurological disorder, cognitive impairment, moderate/severe head injury or vision/upper limb impairment.

### Dementia Rating Scale-2 (DRS-2)

The Dementia Rating Scale-2^([@b29-cgj-23-190])^ is used to assess mental status and symptom severity in those with suspected dementia. The test has five subscales: attention, initiation/perseveration, construction, conceptualization, and memory. The entire test is out of 144, and a higher score is indicative of better cognitive health and a lack of symptoms of dementia.

### Cognitive-Motor Performance Assessment

A visuomotor task that incorporated explicit and implicit rules for successful completion was used to assess cognitive-motor integration ability.^([@b20-cgj-23-190])^ The assessment comprised four conditions: 1) direct (slide the finger to a presented target on a touchscreen), 2) feedback reversal (move in the opposite direction to direct the cursor to the target \[e.g., slide finger up to move cursor down\]), 3) plane change (view targets on a vertically-placed touchscreen, but slide finger across a linked horizontally-placed touchscreen, much like one would use a touch pad on a laptop computer), and 4) plane change reversal conditions (a combination of 2 & 3, see [Figures 1](#f1-cgj-23-190){ref-type="fig"} and [2](#f2-cgj-23-190){ref-type="fig"}). The kinematic outcome variables summarized the profile of the movement based on timing (movement time, reaction time, and peak velocity of the movement), and the accuracy (absolute endpoint error) and precision (variable endpoint error) of movement execution ([Appendix A](#app1-cgj-23-190){ref-type="app"}).

### Bimanual Coordination Task

The Bimanual Coordination Task^([@b30-cgj-23-190])^ is a timed task that involves switching between left and right hands to serially pick up a lever and move a washer onto a peg (see [Figure 3](#f3-cgj-23-190){ref-type="fig"}).

### Skilled Performance (CMI) Intervention

The intervention protocol used a video game which required the user to slide their finger to intercept moving targets on a touchscreen. Its standard computer tablet presentation was modified to require CMI (see [Figure 4](#f4-cgj-23-190){ref-type="fig"}). This task had similar CMI principles used by the cognitive-motor assessment task, but this intervention task required more cognitive processing/flexibility in that there were more dynamic and variable exercises presented. For example, there was a no-go component whereby a particular symbol required cognitive processing to inhibit movements, rather than moving to all the other objects to intercept them as they flew across the screen. This task was done in three different conditions, including the Direct, Plane Change, and Plane Change Reversal, and was played in either a practice (lack of no-go targets, set time of 60 sec regardless of performance) or challenging mode (no-go targets, game ended when either a no-go target was touched, or three targets were missed before dropping to bottom of screen).

### Procedure

All participants were asked to give written informed consent before commencing with this intervention study. The training groups did a 16-week training program in which they played the video-game that required CMI. This training was performed at home for 30 min, twice a week, over four months, for a total of 32 sessions. The no-training groups simply did 1 hour of crosswords/puzzles from home each week. Participants were given a pre-test battery made up of the aforementioned cognitive, motor, and visuomotor measures, followed by the intervention and then the post-test battery comprising all of the same pre-test measures. During training, participants played both the practice and challenging versions in Direct, Plane Change, and Plane Change Reversal conditions, three times each per condition.

### Design and Analyses

We performed repeated measures analysis of variance tests to assess whether there was a difference in CMI ability, fine-motor skill, and cognitive status from baseline to post-intervention sessions with group and training as main factors. Paired and independent non-parametric tests were also performed. For the CMI task, an overall end point error composite variable was created by combining absolute and variable error z-scores based on the mean of both healthy control groups. Similarly, a composite timing score was calculated by combining z-scores (based on the means of both healthy control groups) for reaction time, full movement time, and the inverse of peak velocity.

To assess video-game score changes during training, data were grouped into 4 blocks (i.e., average scores of each month of training), and a repeated measures ANOVA was used to assess the progression of scores over time. The statistical analysis of data was done using SPSS statistical software (SPSS 24, IBM). The rejection level for all analyses were set at *p* = .05.

RESULTS
=======

Demographic Characteristics
---------------------------

Participants were mostly female (female: 18, male: 5), and Caucasian (74%), with an average age of 62.2 years (SD = 6.6) and an average of 16.4 years of formal education (SD = 1.8). Multiple one-way ANOVAs indicated that there were no significant differences in age or the ratio of males and females in each group and no effects of group on baseline neurocognitive test scores. No significant differences from baseline to post-intervention in neurocognitive scores were found in any group, as expected.

Progression During the Intervention Program
-------------------------------------------

Multivariate repeated-measures ANOVAs were used to assess the progression of training scores across the four months of training for at-risk and healthy training groups, according to each training condition. In the challenging mode of the training game (requiring inhibition of responses at random times), there was a significant effect of training month (*F*(3, 27), = 13.742, *p* \< .001, η~p~^2^ = 0.604) and a significant month by group interaction (*F*(3, 27) = 6.789, *p* = .005, η~p~^2^ = 0.430; [Figure 5](#f5-cgj-23-190){ref-type="fig"}), with significant differences between training months in the at-risk group only. In the Plane Change condition, there was only a significant effect of training month (*F*(3, 27) = 4.454, *p* = .011, η~p~^2^ = 0.331; [Figure 6](#f6-cgj-23-190){ref-type="fig"}). In the Plane Change Reversal condition, there was also an effect of training month (*F*(3, 27) = 7.559, *p* = .001; [Figure 7](#f7-cgj-23-190){ref-type="fig"}). Overall, both groups showed a significant improvement across the four months of training in five of the six conditions, with a relatively similar progression pattern.

Effects of the Intervention on Fine-Motor Bimanual Tasks
--------------------------------------------------------

Since no assumptions of normality nor equality of error variances were violated, a univariate repeated measures ANOVA was conducted, which indicated that there was a significant effect of time point on the Bimanual Coordination Washers task (*F*(1, 13) = 10.099, *p* = .007, η~p~^2^ = 0.437; [Figure 8](#f8-cgj-23-190){ref-type="fig"}). Notably, it was only in the at-risk training group for which LSD post hoc tests indicated that there was a significant improvement in scores (*p* = .007) from baseline (*M* = 27.6 s, SEM = 1.477) to post-intervention (*M* = 24.6 s, SEM = 0.461). Conversely, we did not observe a significant improvement over time in the healthy training group, and there was no change in performance in the no-training groups.

Change in Timing Composite Scores on the Cognitive-Motor Task Based on Training
-------------------------------------------------------------------------------

A multivariate repeated measures ANOVA was performed with time point as the within-subject factor, and group as the between-subject factor to assess change in the timing composite score from pre- to post-intervention across all groups. There were no significant differences in timing composites from pre- to post-intervention, nor any group by time point interactions or effects of group in any condition ([Figure 9(a)](#f9-cgj-23-190){ref-type="fig"}).

Change in End Point Error Composite Scores on the Cognitive-Motor Task Based on Training
----------------------------------------------------------------------------------------

According to the Shapiro-Wilk tests of normality, three of the eight end point error composite score variables did not have a normal distribution; thus, non-parametric tests were used. A Related-Samples Wilcoxon Signed Rank Test was performed to observe each group on all four conditions for any change in median end point error composite scores from pre- to post-intervention, and an independent samples Kruskal-Wallis H Test was used to assess differences in median scores between groups over time on each condition of this task; none of which were significant.

All of the dependent variables had equal error variances, except for the Plane Change Reversal condition at post-intervention (Levene's test: *F*(3, 16) = 5.383, *p* = .009). To explore this further, additional univariate ANOVAs were conducted for each group to assess change in movement performance variability from pre- to post-intervention ([Figure 9(b)](#f9-cgj-23-190){ref-type="fig"}). The resulting Levene's tests indicated that the at-risk training group had a significant reduction in variability (*F*(1, 8) = 6.371, *p* = .036) from pre- (SD = 1.56) to post-intervention (SD = 0.48), while the that at-risk no-training group had a non-significant increase in variability from pre- (SD = 0.62) to post-intervention (SD = 2.68) during this same time period. Variance did not significantly change from pre- to post-intervention in either of the healthy control groups. Examples of individual trajectories demonstrating the movement performance differences as a function of group and training are presented in [Figure 10](#f10-cgj-23-190){ref-type="fig"}.

DISCUSSION
==========

The goal of this study was to examine the effects---if any---of an integrated cognitive-motor training exercise on functional performance in an asymptomatic population with an increased risk for developing dementia. Although cognition alone has been the focus of most assessments/interventions for dementia, cognitive ability only deteriorates after advanced disease progression, making this subjectively challenging to report. Here we focused on an objective measure of functional performance by integrating rule-based movement into the intervention. In a previous study we observed that the same training regime resulted in improved global cognition in adults in the early stages of dementia.^([@b20-cgj-23-190])^ The present study found a translation effect of visuomotor training in a cognitively healthy, but at-risk, population.

Effects of the Intervention Program on Motor Performance
--------------------------------------------------------

The hypothesis that the at-risk group would demonstrate greater improvement over time on the measures of CMI and motor ability compared to the at-risk no-training group was partially supported. While all groups seemed to improve slightly over time, we observed an improvement post-intervention in bimanual coordination in the at-risk training group only. There was likely a practice effect underlying some of this improvement, generalizing from a unimanual eye-hand coordination task to a bimanual coordination task. Indeed previous studies have found some (but limited) transfer of skills between unimanual and bimanual visuomotor tasks.^([@b31-cgj-23-190]--[@b32-cgj-23-190])^ However, practice alone cannot account for our observed improvements, given that improvement in what was likely a novel task to all participants was not observed in the healthy training group. This task required interhemispheric communication reliant on callosal fibres that transmit signals from one side of the brain to the other. Similarly, the intervention task we used here has been shown to employ large-scale neural networks that are deeply interconnected with various domains.^([@b8-cgj-23-190]--[@b10-cgj-23-190])^ Other work has found that brain regions within the frontoparietal network that are also involved with bimanual coordination^([@b5-cgj-23-190])^ show altered activation (i.e., more neural efficiency) with more experience and skill acquisition.^([@b33-cgj-23-190]--[@b35-cgj-23-190])^ Thus, while the current study's effects are subtle, we believe these data indirectly support the idea that this type of activity (controlled visuomotor exercises that integrate explicit an implicit cognitive rules for successful performance) is useful for augmenting functional brain networks shown to be impaired in those at risk for developing dementia.^([@b5-cgj-23-190],[@b15-cgj-23-190]--[@b18-cgj-23-190])^

It is important to note that previous work on bimanual coordination has found a large sex-related difference in performance on these types of tasks^([@b30-cgj-23-190],[@b36-cgj-23-190]--[@b37-cgj-23-190])^ and differences in visuomotor control more generally.^([@b38-cgj-23-190]--[@b40-cgj-23-190])^ While there was an overall difference in male to female ratio for our participants, we do not believe that the improvements we observed here were driven solely by the "female advantage" for bimanual tasks, since the only group to show improvement was the at-risk training group (1:4 male:female ratio) and not the healthy training group (6:6 male:female ratio) nor the no-training groups. Nevertheless, this does remain a likely contributing factor which should be accounted for by clinicians when assessing the motor abilities of female and male patients.

Effects of the Intervention Program on Movement Variability
-----------------------------------------------------------

We observed that the two groups that received training showed a significant reduction in movement variability from pre- to post-intervention on the CMI task, while the groups that did not receive training had greater movement variability at post-intervention compared to their baseline. While biological noise is an innate aspect of cellular functioning that promotes heterogeneity, sometimes having neurons in a particular system (i.e., motor systems) fire with less cohesivity may indicate a less optimal or concise signal conduction that may result in poorer motor performance.^([@b41-cgj-23-190])^ Considering that all groups in the present study were asymptomatic, we may not expect evident behavioural differences to appear on the measures tested, but the reduced movement variability across time instead suggests a reduction in noisy signals^([@b42-cgj-23-190])^ and improved efficiency of the coordination of their motor planning/execution.

Baseline Motor and CMI Performance in Participants at Risk for Dementia
-----------------------------------------------------------------------

The hypothesis that at-risk groups would perform worse on measures of CMI and motor ability than the healthy groups at baseline was not supported. None of the groups were significantly different on any measures at baseline testing. This finding is in contrast to earlier studies showing that at-risk females had worse CMI ability that was associated with WM disruption and reduced resting state functional connectivity.^([@b5-cgj-23-190],[@b15-cgj-23-190])^ One possible reason for this lack of group differences in the present study was that, in both at-risk groups combined, half of the participants were male. Indeed, recent behavioural findings support sex-related differences in cognitive-motor behavior in at-risk adults, with males showing fewer performance deficits.^([@b43-cgj-23-190])^ Given previous findings of sex-related differences in brain activity related to cognitive-motor skill,^([@b43-cgj-23-190],[@b38-cgj-23-190]--[@b39-cgj-23-190])^ and the combination of males and females together in the present sample may have washed-out effects observed previously for this type of task.

CONCLUSIONS
===========

Behavioural evidence from this proof-of-principle study supports previous research indicating that cognitive-motor training may be beneficial for generalized improvement of functional ability, theoretically via increased frontoparietal network integrity. These findings have numerous therapeutic implications. Firstly, they highlight the effectiveness and simplicity of using video games to improve motor functioning. Importantly, this visuomotor training had a generalizable effect on performance for motor skills that were not directly involved in the training program itself. That is, the training program was a unimanual task, but bimanual coordination improved. This finding is consistent with previous literature suggesting that visuomotor abilities may be a more sensitive measure of early decline and effective target for intervention than measures of cognitive status.^([@b5-cgj-23-190],[@b44-cgj-23-190])^

Secondly, since atrophy spreads across the whole brain with neurodegeneration, motor region performance should be considered for objective information about brain health. Some areas within large-scale networks are affected earlier than others; however, requiring combined output from both cognitive and motor domains increases demand on brain resources and may be a more sensitive measure of early decline. Stimulation of these networks may be producing the generalizability to other domains in our findings.^([@b20-cgj-23-190])^ Overall, these findings contribute to present knowledge about functional decline prevention in at-risk adults.
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Four conditions of the task were used in total for each participant including direct, feedback reversal, plane change and plane change reversal conditions (see [Figure 2](#f2-cgj-23-190){ref-type="fig"}). The task was done using a 10.1-inch tablet (ASUS Transformer Book T100 2 in 1 tablet, sampling rate: 60 Hz) situated for use in the vertical plane, with an external Keytec*™* touchpad (Keytec Magic Screen: Model KTMT-1315, sampling rate: 100 Hz; Keytec*™*, Garland, TX, USA; 18 inch) placed directly below, in the horizontal plane. A calibration was done during setup so that the functional area of the Keytec*™* matched the dimensions of the tablet. The Keytec*™* was only used for conditions that involved a plane dissociation.

Participants sat at a table in front of this setup, where they could comfortably reach both apparatuses and were given instructions to move straight to the target as quickly and accurately as possible on all trials. The standard condition involved a direct interaction with targets on the tablet touchscreen, using the dominant hand. Participants were instructed to keep their finger on the touchscreen for the duration of the task and to move their finger to the centre of the screen.

Once the task commenced, a yellow target circle in the centre of the screen appeared (7.5 mm in diameter) and participants moved their finger to this location by directly touching the screen in the vertical plane. When the custom software detected the presence of a finger in the central target, it turned green. After 2000 ms, a red peripheral target appeared 55 mm away from the central target in one of four directions (90° to the top, bottom, left or right of the centre target), eye movements were directed toward the presented target to guide the finger sliding movement on the same screen. This red circle was a cue for participants to begin their finger-sliding movement toward the peripheral target. Once the participant reached the peripheral target and remained there for 500 ms, the peripheral target disappeared. Then, after an inter-trial interval of 2000 ms, the yellow central home target reappeared, signaling the beginning of the next trial (see [Figure 3](#f3-cgj-23-190){ref-type="fig"}). Participants completed five trials per target for a total of 20 trials per condition in random order; 80 in total.

During nonstandard conditions, all timing, presentation order and sizes/measurements were unchanged. In the feedback reversal condition, a 180° visual feedback reversal was incorporated into the task, meaning that participants were required to move in the opposite direction of the intended target to successfully complete the trial; this introduces a strategic control requirement. The plane change condition involves a plane dissociation between guiding visual stimuli and hand movements. Participants were instructed to look at the targets on the vertical tablet screen, rather than look at their hand moving on the horizontal Keytec*™* touchpad below the tablet screen (i.e., gaze and hand movements were spatially dissociated from each other). The plane change reversal condition incorporated both the spatially dissociated planes between eye and hand movements, but also a 180° feedback, as well. Each condition was presented in random order between participants. All nonstandard conditions required participants to keep their gaze on the vertical tablet screen throughout the task; these nonstandard conditions require CMI. Movement onset was scored as the point at which a participant's velocity surpassed 10% of their normalized peak velocity. In the same way, the movement was considered complete once velocity decelerated to lower than 10% of peak velocity within the peripheral target.

After scoring was completed, the data were processed once more to remove outliers beyond two standard deviations from the participant's mean for each outcome measure and to calculate movement variables. The kinematic outcome variables used for this study were: absolute error (AE) and variable error (VE). The AE is a measure of the distance of finger end-point position in relation to target location in millimeters, while VE represents the variability of individual finger end-point locations from the average end-point location in millimeters.

![Graphic of the computer-based visuomotor conditions in the cognitive-motor task. The task requires finger-sliding movements on a touchscreen from a central target to one of four peripheral targets. The green circle denotes the center, or home, target in which all movements begin, and the lighter eye and hand symbols denote the starting position for each trial. The red circle represents the peripheral target (which appears randomly to either 90° to top, bottom, left, or right of centre), and the peripheral eye and hand symbols represent the instructed eye/hand movements for the task. a) Direct (standard interaction) condition involves simple finger-sliding movements to peripheral targets with hand and eye movements on the same screen. b) Feedback Reversal (nonstandard interaction) condition incorporates a 180° feedback reversal into the task. c) Plane Change (nonstandard interaction) condition involves a plane dissociation between guiding visual stimuli and hand movements. d) Plane Change Reversal (nonstandard) condition incorporates both the spatially dissociated planes between eye and hand movements, with a 180° feedback reversal as well. All nonstandard tasks described here also require CMI.](cgj-23-190f1){#f1-cgj-23-190}

![Sequence of events during one trial of the Cognitive-motor task. The green circle in the centre of box 1 denotes the home target, where all movements begin. This target changes from yellow to green to signify that the software can detect the presence of a participant's finger. After 2,000 ms, a red peripheral target appears in one of four directions (90° to the top, bottom, left or right of the centre target) which signifies the cue for participants to begin their finger-sliding movement toward the peripheral target. Once the participant has reached the peripheral target and remained there for an inter-trial interval of 2,000 ms, the yellow centre home target reappears, signaling the end of the previous trial and initiation of the following trial.](cgj-23-190f2){#f2-cgj-23-190}

![Bimanual Coordination Task. The board was placed in front of the participants on a table at approximately hip height. The six equally spaced pegs along the bottom edge of the board closest to the participants held all 12 washers which were evenly stacked in pairs. Towards the middle of the board were two more pegs, both covered by spring-loaded, hinged metal levers. The first lever closer to the participant was 18 cm from the bottom edge and the second lever was 32 cm from the bottom edge of the board. To begin, participants pressed a start button on the left side of the board and lifted the closest lever with their left hand to reveal a peg; next, their right hand moved a washer from the bottom of the board to the peg they just revealed. These steps were repeated using alternating hand movements until all 12 washers were on the two pegs in the centre of the board, and then the participant pressed the stop button. The dependent variable was total time to complete that task on the first attempt.](cgj-23-190f3){#f3-cgj-23-190}

![Schematic drawing of the tablet-based videogame intervention. All participants played a practice mode and a no-go inhibition mode while swiping at moving fruit on their screen to earn points across three settings: 1) Direct setting: viewing and movement plane are the same; 2) Plane Change setting: viewing and movement planes are dissociated (i.e., the player watches a vertical monitor while moving their finger on a horizontal screen); and 3) Plane Change Reversal setting: viewing and moving planes are dissociated, and the movement plane is reversed (left=right, up=down).](cgj-23-190f4){#f4-cgj-23-190}

![Average monthly performance on the video-game training program for both groups in the Direct condition. Error bars represent standard error of the mean (SEM).](cgj-23-190f5){#f5-cgj-23-190}

![Average monthly performance on the video-game training program for both groups in the Plane Change condition. Error bars represent standard error of the mean (SEM).](cgj-23-190f6){#f6-cgj-23-190}

![Average monthly performance on the videogame training program for both groups in the Plane Change Reversal condition. Error bars represent standard error of the mean (SEM).](cgj-23-190f7){#f7-cgj-23-190}

![Change in Bimanual Coordination Timing scores on the washers task from baseline to the post-intervention period across each group. Error bars represent standard error of the mean (SEM).](cgj-23-190f8){#f8-cgj-23-190}

![Change in the end point error composite scores during the cognitive-motor task on the Plane Change Reversal condition from baseline to the post-intervention period across each group; a negative composite score indicates better (i.e., more accurate and precise) performance; error bars represent standard error of the mean (SEM); ρ\<.05.](cgj-23-190f9){#f9-cgj-23-190}

![Sample hand movement trajectories from a participant in each group at post-intervention, as measured by the Plane Change Reversal condition of the Cognitive-motor task. This is the most challenging condition which involves two levels of dissociation at once. Hand trajectories began at the central target (the red dots in the central circle) and move towards one of the four peripheral targets. Each green line represents a single movement trajectory; the blue ellipses denote the 95% confidence interval for the final end point of the finger movements (the blue dots in the peripheral circles). These data provide an indication of overall cognitive-motor integration performance. A noticeable difference in overall trajectory can be seen across groups, especially in the at-risk no-training group; this participant had quite large trajectory deviations compared to the other healthy or trained groups, after an equivalent passing of time. The at-risk participant who received training appears to be performing at a similar level of ability as the healthy participants.](cgj-23-190f10){#f10-cgj-23-190}

###### 

Participant N per Risk Category

  *Sex/Category*   *At-Risk (training)*   *Not At-Risk (training)*
  ---------------- ---------------------- --------------------------
  Male             4 (1)                  1 (0)
  Female           6 (4)                  12 (6)
